Thrombotic microangiopathy (TMA) is a histological feature of antibody-mediated rejection and has the potential to cause problematic graft dysfunction, particularly for highly sensitized cross-match positive kidney transplant recipients. Prompt recognition of pertinent histopathological and systemic features of TMA in kidney transplantation is necessary.
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Introduction
Thrombotic microangiopathies (TMAs) are characterized by a tendency to develop microvascular thrombi in conjunction with endothelial cell dysfunction, thrombocytopenia and hemolytic anemia. TMA may result in end-organ dysfunction as a result of thrombosis, has a broad range of associations, and is manifest in the kidney in a number of disease entities (1, 2) . Following kidney transplantation, a wide range of associations with new presentations of TMA is recognized in the transplanted kidney (3), including immunosuppressive drugs (cyclosporine, calcineurin inhibitors, sirolimus (3) (4) (5) , antibody mediated rejection (4) , and recurrent and de novo hemolytic uremic syndrome (HUS) (6) . In this regard, TMA can be seen as a terminal feature of a process that may have many triggers, as well as an underlying predisposition which facilitates this phenomenon.
In the early era of kidney transplantation, localized TMA in the kidney graft leading to significant thrombocytopenia, in conjunction with platelet and fibrin deposition, was recognized as a form of delayed hyperacute rejection, and attributed to HLA antibodymediated vascular endothelial injury (7, 8) . More recently, the importance of post-transplant TMA associated with antibody-mediated rejection (AMR), particularly in the highly sensitized recipient, has been highlighted particularly with the advent of clinical therapies targeting terminal complement complexes (9) . Graft survival in patients with TMA but no AMR has been shown to be significantly better when compared to AMR-positive TMA (10) . Improved understanding of TMA, particularly with respect to HUS and the recognition of the range of
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etiological triggers, has focused on the role of complement protein expression and regulation (11) . However, given the importance of thrombosis in the pathology, TMA may be viewed as a thromboinflammatory disorder in which complement and coagulation cascades are intimately linked in a network of activation and inhibition.
TMA in the highly sensitized kidney transplant recipient is not a commonly occurring pathology. Nonetheless, it is a rapidly evolving condition with non-specific early markers, which may lead to a severe kidney injury and even rapid graft loss. Early recognition and treatment, as well as an understanding of the likely pathological mechanisms, is vital to reverse TMA in a timely manner. This review combines a clinical description of TMA associated with the highly sensitized kidney transplant recipient with underlying pathophysiology and potential therapeutic targets.
Definition of post-kidney transplant TMA
The diagnosis of TMA is broadly defined as the presence of thrombocytopenia in addition to microangiopathic hemolytic anemia (MAHA)-that is to say, the presence of red cell fragments in the form of schistocytes, which develop as a consequence of the sheer stress on red blood cells as they pass through vessels narrowed by microthrombi. Additional systemic markers of hemolysis, such as lactate dehydrogenase (LDH), haptoglobin and bilirubin, may also be raised, while acute severe TMA may be accompanied by a consumptive coagulopathy in which fibrinogen and platelet levels fall. Diagnosing the underlying cause of TMA is more difficult, and the recent improvement in understanding TMA has led to increased clarity with respect to disease-specific diagnosis and treatment (12) .
Clinical guidelines relating to the diagnosis of TMA after bone marrow transplantation, provide diagnostic criteria and classification of TMA severity (13) ; however, there are no such tools following renal transplantation. TMA following kidney transplantation is fundamentally different from that following bone marrow transplantation in that, while significant systemic evidence of anemia, thrombocytopenia and raised LDH levels may be observed, end-organ damage is limited to the kidney graft itself. Because of this, initiation of TMA after kidney transplantation may be considered to be a local phenomenon. The systemic effects of this, if left unchecked, have the potential to lead to systemically observed effects on platelet counts and hemoglobin; however, unlike other causes of TMA, multiorgan damage in the form of neurological and gastrointestinal injury in addition to renal dysfunction is rare.
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Diagnosis of TMA in the sensitized kidney transplant recipient is therefore predominantly confirmed by histological findings; however, given the thrombocytopenia in severe cases of TMA, obtaining a biopsy at the time may be judged too risky, and systemic features and clinical suspicion may suffice to implement initial treatment.
Histopathological findings
As described, TMA is, in itself, a description of the histopathological finding of thrombosis within the capillaries and arterioles of the affected organ-namely, the transplanted kidney.
In many cases, histopathological assessment of TMA severity within the transplanted kidney is subjective and based on the presence of microthrombi in the glomeruli and arterioles, the presence of fibrin in the glomeruli, the thickening and double contours of the glomerular basement membrane, fibrinoid necrosis of the glomeruli, and arteriolar endothelial swelling suggesting that complement activation, whether by classical or lectin pathways may be considered to be one of the hallmarks of the pathology (14) .
Although C4d was previously believed to be strongly associated with AMR, as reflected in the Banff 2007 criteria, recent evidence regarding C4d-negative AMR has led to the inclusion in Banff 2013 of C4d-negative AMR, in which evidence of microvascular injury,
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glomerulitis (g), peritubular capillaritis (ptc) and TMA in combination with donor-specific antibody (DSA) but no C4d deposition may still be classified as AMR (19, 20) . At present, it is not clear whether C4d-negative AMR represents a complement-independent mechanism of graft injury and inflammation, or whether TMA associated AMR should be considered as a particularly acute form of aggressive AMR in which thrombo-inflammatory cross talk between complement and coagulation presents a very clear threat of graft loss if left unchecked.
Systemic features
Detection of the presence of donor-specific antibody is one of the Banff criteria of AMR, and also a prerequisite of identifying the highly sensitized recipient. Other systemic markers of TMA, such as anemia, thrombocytopenia, raised LDH levels and disseminated intravascular coagulopathy, are reported in the xenotransplant literature of acute AMR (21) (22) (23) (24) (25) , and they form the basis of early reports of TMA in the kidney allograft (8) . In the modern era, clinicians undertaking positive crossmatch transplantation are familiar with a clinical presentation of aggressive, severe AMR presenting with rapid onset of anuria, thrombocytopenia and evidence of hemolysis, requiring radical therapies in order to prevent graft loss (26) . It should, however, be noted that our understanding of the wide array of phenotypes of antibody mediated rejection are advancing (27) .
Incidence in sensitized patients post-transplant
TMA is an infrequent phenomenon, hence the reason for multicenter registry groups such as the Harvard TMA Research Collaborative. Satoskar et al., in their histological evaluation of the features of TMA, found the incidence to be low overall. Of 960 patients, 59 (6.1%) patients showed de novo TMA post-transplant. Of those, over half (n = 33, 55%) had diffuse C4d staining, and of those, 84% were associated with a high panel reactive antibody (PRA) (15) . The true incidence of TMA in cross-match positive kidney transplantation is not described.
Pathophysiology: Coagulation and complement description and cross-talk
Thrombotic microangiopathy is a product of an acute coagulopathic process in combination with complement activation. Complement and coagulation systems are serine protease systems with homeostatic function found in primitive 'living fossil' life forms such as the horseshoe crab (28) . These interactions between the systems are not surprising; however, the complexity of this cross-talk to both activate and regulate is only now being understood through in vitro, animal and xenotransplantation models. Rose and Cooper, in their examination of allografts from clinical and experimental recipients, together with xenografts,
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observed that venous thrombosis was present early in the time course of AMR and posit that venular thrombosis is a key event in the development of AMR, however it may be more accurate to consider thrombosis (and TMA) and AMR to be overlapping entities (29) .
The complement system refers to a primitive innate host defense system, consisting of a cascade or chain of more than 30 linked plasma proteins and cell surface receptors. Its name results from its being a "heat-labile aspect of plasma serum that 'complemented' antibodies to kill bacteria" (30, 31) . It is activated by three initial pathways: the classical pathway (initiated by immune complexes), lectin pathway (in which mannose binding lectin (MBL) or other lectins, bind on to a variety of membrane-bound glycoproteins or glycolipids), and alternative pathway (considered to predominantly describe the function of amplification of C3b cleaved through classical and lectin pathways, although it also describes the mechanism in which activating surfaces may directly activate C3) (Figure 1 ). Complement activation results in the generation of effectors to mediate the functions of complement, either by directly inserting into the cell membrane (C5b-9, membrane attack complex (MAC)), or by receptor-mediated cell activation. Complement control proteins act to regulate the formation of the converting enzyme complexes which are assembled by the respective activation pathways, and are therefore regulators of complement activation; alternatively, other regulators limit the insertion of the MAC into the activating cell surface. This broad defense mechanism is critical to the host response to pathogen-induced danger and integral to initiation of the inflammatory and adaptive immune response (32) .The nomenclature of complement follows the numbering in which factors were discovered. Complement has many roles, but essentially serves three physiologic purposes.
First, it is an innate defense against infection. C3 and C4 are involved in opsonization, following which C3a, C5a and C4a induce chemotaxis and a leucocyte response.
Additionally, complement results in direct damage to cells via the MAC, which causes cell membrane perforation (33) . All routes of complement activation converge on the C3 to C5 positive feedback loop by a chain effect of enzyme cleavage in which the activation of the initial protein cleaves and activates the next zymogen in the complement pathway (34), leading to the production of the MAC. Second, activated complement products are involved in the development of a specific adaptive response. The opsonization of antigen with complement products has been shown to have an effect on both antigen presentation of both T and B cell responses in transplantation (35) (36) (37) . Third, complement is involved in the clearance of waste: C1q binds directly to apoptotic cells and promotes clearance through C1q receptors on phagocytic cells (38) , as well as binding directly to immune complexes.
The complement cascade is therefore a system that both recognizes and eliminates the
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dangers of invading microbial pathogens, immune complexes, apoptotic cells and cellular debris by opsonization and induction of inflammation (39) .
Like complement, the coagulation cascade is a system of serine proteases, but in this case, activation leads to thrombin-activated platelet aggregation in primary hemostasis. In secondary hemostasis, the activation of thrombin results in cleavage of soluble fibrinogen to fibrin monomers to create a stable plug, which is later degraded by plasmin in the fibrinolytic portion. Two activation pathways for this cascade are commonly described (Figure 2) : the contact or 'intrinsic' pathway in which local damage to the endothelium results in contact activation, and the extrinsic pathway in which tissue factor (TF) released by injured cells complexes with Factor VIIa, resulting in a proteolytic chain reaction in which thrombin is generated from prothrombin.
Thrombin may be considered the central pivot within the coagulation cascade; it also exerts many non-hemostatic effects as both regulator and inhibitor through the activation of protease-activated receptors (PAR) (40) .
The effect of thrombin has been studied in a xenotransplant model of pig-to-baboon liver transplant, in which significant thrombocytopenia and bleeding risk together with TMA limit graft survival in control animals. Exogenous administration of coagulation factors either in the form of human prothrombin concentrate complex (Octoplex) maintained platelet counts, but resulted in large vessel and graft thrombosis with concurrent TMA. In the same model, the continuous administration of human recombinant Factor VIIa resulted in preservation of platelet counts in the absence of TMA, confirming the integral role thrombin plays in TMA in activating platelets in addition to its role in secondary hemostasis (41) .
HLA antibody activation of complement
The primary mechanism by which HLA antibody activates complement is the classical pathway, in which antigen-antibody complexes reveal the C1q binding site on the Fc portion of the bound immunoglobulin, thereby initiating the C1q-C1r-C1s complex, which in turn leads to the activation of C4 and C2 (42) . This is confirmed by the finding that an anti-C1s antibody inhibits HLA-ab-dependent complement activation (43) . Factor (vWF) (44) .Von Willebrand Factor is an important multimeric glycoprotein that is key to both primary and secondary hemostasis. It also promotes platelet adhesion to thrombogenic surfaces as well as platelet-to-platelet cohesion during the initial phase of thrombus formation, and additionally has an indirect effect on Factor VIII, reducing its clearance (49) . Because it is such an important player in hemostasis, secretion of vWF from
Weibel-Palade bodies is kept under sophisticated levels of control in order to ensure timely and effective delivery of this multimeric protein (50) . Since raised plasma levels of vWF are associated with an increased risk of arterial thrombosis and are largely genetically determined, there is increasing interest in genetic studies of vWF variation antigen and activity and associations with thrombotic disease (51) . Interestingly, ADAMTS-13 (a disintegrin and metalloprotease with thrombospondin type 1 motif, member 13) is an enzymatic regulator of vWF multimer size, which is important for controlling thrombus formation. Clinically, ADAMTS-13 deficiency is increasingly recognized as a cause of arterial thrombosis, as well as thrombotic thrombocytopenic purpura (TTP), a potentially lifethreatening form of systemic TMA (52) . In a recent stringent registry study of all forms of TMA/TTP in the context of ADAMTS-13 deficiency, transplantation was associated with a less severe form of the deficiency, that is to say, higher levels of ADAMTS-13 activity.
However, this broad categorization of transplantation includes both solid organ transplantation and hematopoietic stem cell transplantation, so understanding the role of ADAMTS-13 in positive cross-match transplantation is, as yet, unexplored (53) .
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The primary ignition mechanism-whether complement or coagulation activation-at the site of antibody binding is not clear; however, once activated, complement and coagulation then engage in a complex set of interactions (54) . TMA may be considered to be a consequence of this thromboinflammatory fire, and its severity potentially related to the combination of donor and recipient characteristics to both propel or inhibit the ensuing effects.
Coagulation initiation of the complement cascade
Previously, it has been demonstrated that thrombin is able to directly activate complement at the level of C3. It has also been shown that thrombin can cleave C5 directly, independent of C3 (55). Both of these mechanisms would suggest that thrombin in and of itself, is able to activate complement independent of the classical pathway, thus providing additional amplification of the complement response. The importance of thrombin-mediated cleavage of C5 in vivo has been questioned, particularly in the light of the findings by Foley et al. (56) .
In their in vivo model of thrombosis, the efficiency and rate of complement cleavage by thrombin was found likely to be related to indirect effects through plasmin-mediated activity, rather than the generation of C5 by thrombin directly, since this thrombin produced too little Additionally, evidence is accumulating about the role of platelet mediated complement activation, with the hypothesis that the interaction between platelets and complement induce inflammatory mediators and combine to produce acute and chronic inflammation, in addition to thrombosis (58) .
Coagulation regulation of complement
In their examination of the effect of vWF expression on blood outgrowth ECs (ECs derived from peripheral blood), Noone et al. observed that contrary to expectation, vWF-deficient cells had greater C3 deposition than cells expressing vWF. In addition, they observed greater complement-dependent cytotoxicity of the vWF-deficient cells compared to controls.
These results concur with earlier findings that vWF is secreted in response to complement fixation and antibody induced EC activation (44, 59) , but they also suggest that vWF has additional role in subsequently serving as a complement regulator on EC surfaces,
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protecting cells from the effects of complement (60) . This finding adds additional mechanistic understanding to the association of increased vWF in endothelial transcripts of C4d-positive AMR (61), as well as introducing a complex role for vWF in HLA antibody-induced injury as both an initiator of coagulation and subsequently a regulator of complement (Figure 3) .
Once activated, thrombin itself may act to regulate further complement activation by inducing increased expression of decay accelerating factor (CD55, an important complement regulator inhibiting the C3 and C5 convertases required for assembly of the MAC) by PAR signaling pathways (62, 63) . the presence of a C5 inhibitor resulted in reduced EC activation, platelet activation and thrombus size, despite retaining the capacity to generate thrombin (68) . The MAC (C5b-9) is known to be an initiator of the TF-dependent pathway of coagulation and has also been demonstrated to increase vWF expression; thus C5 inhibition is likely to down-regulate the coagulation cascade in addition to preventing direct complement-mediated cell damage (59) .
In addition to being a key initiator of the lectin pathway, MBL-associated serine protease 1 (MASP-1) has been shown to directly activate prothrombin to produce thrombin (69), as well as activating FXIII and thrombin activatable fibrinolysis inhibitor (70) . In addition, MASP-2 has been demonstrated to lead directly to clot formation, similar to that generated by thrombin (71) . Kozarcanin et al. have demonstrated that proteases from the lectin pathway (MASP-1 and MASP-2) are produced in increased amounts when they themselves are induced by activated platelets and fibrin. This is supported by findings in polytrauma patients of low fibrin levels being associated with MASP/AT (MASP-antithrombin) complexes (72) and suggests that the lectin pathway both activates and amplifies the coagulation cascade.
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Complement regulation of coagulation
The C1-esterase inhibitor is able to inhibit all three complement activation pathways, and in vitro, it is able to inhibit thrombin activity by forming enzyme inhibitor complexes (73) that are demonstrated to be more effective when on the vascular endothelium (74) . In addition, C1inh also inactivates kallikrein and FXIIa (75, 76 ), suggesting a potential mechanism by which treatment with recombinant C1-inh may affect coagulation, although this has not been clinically confirmed in transplant studies.
Treatment of thrombotic microangiopathytargeting complement & coagulation
Conventional treatment of TMA has focused on trying to remove the underlying cause. In the case of AMR-induced TMA, the mainstay of treatment is plasmapheresis (PP), with or without IVIg and additional immunosuppression. Treatment with IVIg is known to have the potential for prothrombotic side effects, the reasons for which are not fully elucidated, although it has been demonstrated that exogenous FXI is present in 90% of IVIg preparations tested (77) . Overall, complications from PP are rare: in the UK, a rate of 1.7% is reported (78) . The use of terminal complement inhibition (anti-C5 mAb) to prevent acute AMR in highly sensitized recipients was initially demonstrated in a murine model (80) . In humans, it has been demonstrated that death-censored graft outcomes for patients with AMR-negative TMA are considerably better than AMR-positive TMA, despite a similar response to treatment (10) .
In keeping with this finding, the use of eculizumab (anti-C5 therapy) appeared to be extremely promising in reducing early AMR following crossmatch-positive (HLA-incompatible (HLAi)) transplantation. An important pair of studies by Stegall et al. highlight the use of terminal complement inhibition in highly sensitized patients in order to salvage grafts undergoing acute AMR that may be likely to be lost as a result of the aggressive end-organ damage(81); unfortunately, this early abrogation of AMR does not result in long term benefit (82) . Taken together, these studies suggest that TMA comprises a significant clinicopathological manifestation of AMR, capable of inducing graft loss. Full data from a multicenter trial of eculizumab prophylaxis in highly sensitized kidney transplants has yet to fully report; however, while successful as rescue therapy for grafts at risk of early failure due
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to AMR & TMA, the role of prophylactic complement inhibition, and the question of whether preventing or ameliorating the effect of TMA through complement inhibition prevents longterm damage induced by antibody is yet to be established.
The successful use of recombinant C1-inh has been reported for aggressive AMR in xenotransplant non-human primate models (83) (84) (85) and shows an organ-protective effect in a severe sepsis model (86) . In highly sensitized (HLAi) transplantation, a small study using C1-inh (C1-INH, Berinert) as preventative therapy in adult patients desensitized with IVIg, rituximab and plasma exchange showed that, like the eculizumab studies, AMR was prevented during the treatment period, although this effect was not maintained (87) .
Interestingly, less delayed graft function was observed in the treatment group compared to the control group, suggesting a protective effect of C1-inhibition for against complementmediated ischemia-reperfusion injury (87).
C1
-inh therapy has also been used as a treatment for AMR post-transplant to prevent chronic inflammation leading to transplant glomerulopathy. In a study by Montgomery et al.,
patients with aggressive AMR presenting with a rapid onset of "severe oliguric AMR" were deliberately excluded-likely excluding patients with TMA associated with AMR. There was no difference in histological outcome when C1-inh was added to standard care, although it was noted that PP itself depleted endogenous C1-inh levels, thereby potentially increasing complement activation (79) .
While complement-targeted therapies are currently of interest, there are fewer options for therapies targeting the coagulation cascade. Recombinant soluble human TBM-which has been used as a treatment for disseminated intravascular coagulation in Japan-has been successfully used as a means of treating TMA after liver transplantation (88) and shows promise as a therapeutic agent (89) . Treatment of the graft itself with a locally active celllocalized (cytotopic) anti-thrombin agent, Thrombalexin, has been used in a rat model of aggressive AMR, where it successfully prolonged graft survival compared to controls (90) .
Presently, we are investigating Thrombalexin in a non-human primate model of sensitized transplantation in which TMA is a predominant feature (91) . Using Thrombalexin infused kidneys, histological evidence of TMA severity was reduced in treated animals compared to controls, while platelet and fibrin deposition were minimal. Additionally, although nonsignificant, there was a trend towards decreased deposition of C4d, suggesting an additional role of thrombin in earlier activation of the complement pathway which requires mechanistic exploration (92) .
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Using a similar model of organ-specific treatment, inhibition of the C3-convertase with Mirococept (APT070) is being clinically investigated for the treatment of ischemiareperfusion injury (93, 94), but it may also have utility to protect the kidney graft for patients at risk of antibody-induced TMA, either by reducing sensitization against alloantigen or inhibiting the effector function of alloantibody on the endothelial surface.
In summary, TMA associated with HLAi transplantation is often an early and aggressive feature of AMR, occurring as a result of the complex interaction of complement and coagulation cascades. As Ekdahl and colleagues describe, the term thromboinflammation describes this cross-talk most effectively (95) . TMA in the highly sensitized kidney transplant recipient is a complex interplay of coagulation and complement activation. The initial HLA antibody trigger may both activate the complement pathway, and initiate coagulation. In addition, as the presented evidence demonstrating the integral roles for C3, C5b-9, thrombin and plasmin indicate, the close interactions between complement and coagulation to both activate and inhibit are such that a pathological trigger of one system is likely to result in effects on the other, and the notion of 'pure' complement or coagulation activation is an over-simplification. Additionally, the changing roles of the key players under differing conditions suggest a sophistication that may prove difficult to parse with isolated mechanistic in vitro studies. Traditional views of HLA antibody have focused on the initiation of complement, and studies relating to the initiation of coagulation by HLA antibody activation are lacking. Therapies targeting complement and coagulation have the potential to reduce TMA, but despite promise, they do not so far appear to improve long-term AMR outcomes. It seems likely that, in such a complex system, a single intervention may not be sufficient to target both systems adequately, and combination therapy may yield most benefit in preventing or treating TMA in the sensitized recipient. Future experimental directions in this field will advance mechanistic understanding of the interactions between coagulation and complement and define the relative importance of particular pathways under given clinical conditions. Additionally, further work will need to establish the optimal dosing and treatment periods for current anti-complement strategies, as well as alternative strategies to protect grafts from TMA, in order to enhance efficacy and limit potential side effects associated with complement inhibition. 
Figure legends:
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Highlights Thrombotic microangiopathy occurring de novo in the highly sensitised kidney recipient represents an aggressive form of early antibody mediated rejection, in which activation of, and cross talk between complement and coagulation systems result in an explosive effect. 
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